The rates were monitored on biomass increase, polysaccharide production and viscosity development of whey broth and a control synthetic broth during fermentation by Rahnella aquatilis and organic acids, lactose, peptides and free amino acids were measured. Growth curves were similar and characterized by maximum specific growth rates of 0.61 h 21 for whey and 0.63 h 21 for synthetic medium. The yields of polysaccharide were 0.59 g/g lactose for the synthetic medium and 0.56 for whey. Small peptides (,4,000 Da) and most free amino acids in both fermentation media were consumed within 24h.
INTRODUCTION

MUCH OF THE WHEY PRODUCED BY DAIRY INDUSTRY IS USED FOR
direct animal feed and/or soil sprayed, or alternatively dried for use as a food additive. Downstream processing of whey generates large amounts of lactose and protein solids (Kosaric and Asher, 1985) . Drying and ultrafiltration have proven technically feasible as processing operations for whey and have been implemented to handle much of the whey production (Mulligan et al., 1991) . Lactose, the main component of whey, is virtually limited in use to the pharmaceutical industry without much promise for expansion (Zadow, 1984) .
Microbial polysaccharides, produced via metabolism in the form of capsules or amorphous masses excreted to the medium (Macura and Townsley, 1984; Ha et al., 1988 Ha et al., , 1989 , are potentially useful gums. They have properties that set them apart from other plant-derived commercial gums. One of the best examples is xanthan gum, which has applications as stabilizer, emulsifier, thickener, suspending agent and foam enhancer (Rocks, 1971) . Microbial production of exopolysaccharides directly from whey has been reported with Corynebacterium sp. (Shams and Jaynes, 1983) , Xanthomonas campestris (Schwarts and Bodie, 1986) , Pseudomonas elodea (Dlamini and Peiris, 1997a) , Lactobacillus plantarum (Martino et al., 1991) , Lactobacillus delbrueckii ssp. bulgaricus (Gassem et al., 1997) , Rhodotorula glutinis and Lactobacillus helveticus (Frengova et al., 1997) , Propionibacterium acidi-propionici (Racine et al., 1991) and Klebsiella oxytoca (Dlamini and Peiris, 1997b) . Production of lactan, a polysaccharide composed of mannose, galactose and galacturonic acid (at the molar ratios 5:3:2), starting from a semi-defined lactose-rich medium via fermentation using Rahnella aquatilis, was described by Flatt et al. (1992a, b) . However, no information is available on the production of lactan directly from whey. Use of whey as plain fermentation substrate for production of such polysaccharides would not only help meet the whey disposal problem, but also ensure that a low cost feedstock would be available for fermentation. Our objective was to compare the fermentative production of lactan from sweet cheese whey medium without additions to that using a synthetic medium counterpart that had been previously tested.
MATERIALS & METHODS
Test microorganism
The strain of Rahnella aquatilis (ATCC 55046) used for the fermentations was purchased from the American Type Culture Collection (Baltimore, MD).
Preparation of fermentation media
Plain bovine whey recovered as by-product from the bulk manufacture of cheese from milk of a native Portuguese bovine breed (Cachena) was skimmed prior to use and heated for 15 min at 62ЊC (to severely reduce the viability and enzymatic activity of natural microflora) and then hydrolyzed with Protease A (Amano Pharmaceutical, Nagoya, Japan)(at the ratio of 40 g/kg whey protein ) for 4h at 45ЊC. This increased the fraction of nitrogen available for fermentation and also avoided precipitation of proteins during sterilization. The synthetic medium was prepared as previously described (Flatt et al., 1992a) . Before inoculation, both media were sterilized at 110ЊC for 20 min.
Preparation of inoculum
An inoculum volume of 75 mL was prepared from a subculture inoculated with a Rahnella aquatilis culture, which had been stored in 20% glycerol at Ϫ80ЊC. All cultures were previously grown in a synthetic medium for 11h at 26ЊC in an orbital shaking bath at 150 rpm and harvested in the late exponential growth phase to produce standard inoculum.
Fermentation performance
Each batch used 1.5L of broth. Experiments were carried out in a 2-L bioreactor (Braun Biostat B, Munchen, Germany) at 26ЊC with a stirring rate of 800 rpm and a pH set-point of 7.0. Sterile air was bubbled at a flow rate of 2 L/min. Silicone was added to the initial medium as antifoam agent at 0.4 g/L. A 5% (v/v) preparation of standard inoculum was used to start up every fermentation batch. Fermentations lasted up to 48h and samples were taken periodically.
Assay for microbial growth
Assessment of microbial growth during fermentation was done by counts of colony forming units on Tryptic Soy Agar (TSA) (Lab M, Bury, UK) supplemented with 5% (w/v) lactose. Determination of total biomass could only be performed for the synthetic medium because the interference of several suspended substances severely hindered its determination in whey. The biomass was determined after filtration of 10 mL of broth through a 0.22 m filter (previously dried and weighted) and drying at 105ЊC to constant weight.
Assay for chemical composition
The moisture content of whey and synthetic medium was determined according to the IDF method (FIL/IDF 4: 1958) . The nitrogen content was determined according to the IDF method (FIL/IDF 20B: 1993) adapted to micro conditions by using 0.1 of all samples and reagents. The ash content of initial media was determined using the AOAC (1997) method (945046) for ash in milk.
Sugars and organic acids were quantified by HPLC (Merk, Darmstadt, Germany) using an Aminex HPX-87X column (BioRad, Richmond CA). Separation conditions were: flow rate 0.6 mL/min with 5 mM H 2 SO 4 as eluant, sample injection volume of 50 L, separation temperature 60ЊC, and detection by refractive index at 30°C for sugars and U.V. absorbance for organic acids. Prior to analysis, all samples were pretreated in order to eliminate protein interference: 1 mL of sample was precipitated with 100 L of 35% (v/v) perchloric acid (PCA), allowed to stand for 10 min in ice, added with 55 L of KOH 7.0M to neutralize PCA, centrifuged for 10 min at 4,000ϫg, and the supernatant filtered through a 0.2 µm membrane filter.
Assays for free amino acids were carried out in an automatic amino acid analyzer (Pharmacia, Uppsala, Sweden) using sodium citrate buffer as eluant, an ion exchange column for resolution and UV absorbance after nynhydrin addition. Prior to analysis, all samples were pretreated as follows: 1 mL of sample was combined with 50 mg of solid 5-sulfosalycilic acid, allowed to stand for 1h at 4ЊC, centrifuged for 10 min at 4,000ϫg and the supernatant solution added with 0.3M lithium hydroxide at the ratio 1:1 (v/v) in order to adjust pH to ca 2. An internal standard (N-leucine) was then added to the deproteinized sample at the ratio 1:1 (v/v) and filtered through a 0.2 m membrane.
The molecular weight profile of peptides was estimated using an FPLC system (Pharmacia) equipped with a Superose-12 column. Separation conditions were: flow rate 0.4 mL/min of 0.05M phosphate buffer containing 0.15M NaCl and 0.2 g/L NaN 3 as eluant, sample injection volume of 100 L and detection by absorbance at 280 nm. The void volume of the column was determined using blue dextran. The column was calibrated for molecular weight using an aqueous solution containing 5.8 mg/mL of aldolase (MW: 158,000 Da), 7.0 mg/mL of bovine albumin (MW: 67,000 Da), 4.5 mg/mL of bovine ␤-lactoglobulin (MW: 36,000 Da), 2.0 mg/mL of bovine ␣-lactalbumin (MW: 14,000 Da), 2.5 mg/mL of insulin-B (MW: 5,750 Da), 2.5 mg/mL of insulin A (MW: 2,531 Da) and 2.0 mg/mL of NAD (MW: 669 Da).
Assay for polysaccharide production
The nitrogen fraction of 20g samples of post-fermentation broth was precipitated with 2% (w/w) 5-sulfosalycilic acid. This led to negligible hydrolysis of the exopolysaccharide in view of its unique stability at low pH values (Flatt et al., 1992a) . It was allowed to stand for 1h at 4°C and then centrifuged for 15 min at 5,000ϫg. For samples with very high viscosity, dilution with an equal volume of solvent was done in order to avoid entrapment of protein within the polysaccharide network (residual N in the precipitate was only a trace). The polysaccharide was recovered from the supernatant via precipitation with cold 2-propanol at 1:1 (v/v). To speed up thermal equilibration and promote precipitation, the medium was stored at 4ЊC for 24h prior to addition of 2-propanol. The precipitate was collected by filtration through paper filter (Whatman no. 2) and weighted.
Assay for physical properties
The viscosity of each sample of the fermentation batch was determined under steady shear flow using a controlled stress rheometer (Carri-Med CS-50, Surrey, UK) with cone-and-plate geometry. Steady shear rates were applied in a continuous manner at increasing torque and the viscosity was determined at a constant shear rate of 0.5 s Ϫ1 . Accurate viscosity measurements of the undiluted broth after 24h were not possible due to instrument limitations, so these samples were diluted at the ratio 1:2.
RESULTS & DISCUSSION
Microbial growth and polysaccharide production
The composition of plain bovine whey and the synthetic medium used in the experiments are listed (Table 1 ). These two media were similar except for the nitrogen fraction which led to notable differences in carbon:nitrogen ratios. Note also that whey, because of its history, was likely to have undergone some bacterial degradation. This could cause differences between the two feedstocks regarding the organic acids. They were absent from the synthetic medium but present at considerable concentrations in whey. Despite differences between media, R. aquatilis had similar growth curves (Fig. 1) for the synthetic medium and whey throughout fermentation and similar maximum specific growth rates (0.63 and 0.61 h Ϫ1 for the synthetic medium and whey, respectively). Biomass yields at 48 h (0.03 g/g lactose for both media) were also similar. The biomass in whey was estimated from viability data using a correlation straight line prepared with synthetic medium. The metabolic performance of the synthetic medium was of the same order of magnitude as that reported by Flatt et al. (1992b) for equivalent conditions. Apparently, production of polysaccharide was both growth-and nongrowth associated for whey (Fig. 1a) and synthetic medium (Fig.  1b) , as was noted by Flatt et al. (1992b) . It has been suggested that under conditions of carbon excess, Erwinia herbicola (also a member of Enterobacteriaceae) triggers polymer production as a means of turning over ATP that had not been used up for growth (Linton et al., 1988) . Although preliminary precipitation of proteins was carefully done, other compounds were probably coprecipitated with 2-propanol since a turbidity was noticed from the beginning. The production of polysaccharide throughout fermentation was higher in the synthetic medium, especially during the first 12h. Such result was probably associated with the initial presence of organic acids (mainly citrate) in whey, which could affect differently the metabolism of R. aquatilis in the synthetic medium. The maximum yield of polysaccharide was 0.59 g/g lactose for the synthetic medium and 0.56 g/g lactose for whey. In both cases, the data denote a relatively high production of polysaccharide. The final concentration of polysaccharide obtained from either the whey or the synthetic medium was relatively high when compared with published data. Production of such polysaccharides from the synthetic medium had already been shown to be important commercially (Flatt et al., 1992b) . Use of whey would therefore enable good yields under even more economical conditions. Lactose concentration (Fig. 1a, b) decreased to negligible levels during fermentation of both media, and lactose was virtually depleted within the first 24h. These results suggested that formation of most polysaccharides from lactose should occur between 12 and 24h and that most lactose was used for their production.
Nitrogen metabolism
The peaks in each chromatogram from gel permeation were combined into MW fractions to make resultant effects more apparent. The analytical data indicated that all peptide fractions were taken up by R. aquatilis within 24h in both media (results not shown), except the fraction 4,000-6,000 Da which increased (especially in whey). Whey is richer in peptides, especially those of smaller molecular weight. The lower fractions, i.e. with MW Ͻ1,000 Da, decreased in the synthetic medium within the first 6h as they were assimilated. A slight increase was observed within 6-12h probably as a consequence of hydrolysis of longer peptides. The lower fractions in whey decreased continuously with time.
The total initial concentration of free amino acids in whey was much higher than that of the synthetic medium because the whey had been pretreated with a protease (Fig. 2) . The total concentration of free amino acids decreased in both media within the first 6h but at a higher rate in the synthetic medium. In whey it decreased continuously at a notable rate until 24h, while in the synthetic medium only slight variations by the end of fermentation could be detected. Hydrolysis of whey increased the qualitative and quantitative composition of free amino acids, thus leading to production of a more nutritious medium ( Table 2 ). The initial composition of whey and that of the synthetic medium were quite different. The dominant free amino acid in whey was leucine, whereas in the synthetic medium it was glutamic acid. After 6h, the concentrations of all free amino acids in the synthetic medium were reduced to low values, which indicated considerable use thereof for biomass increase. After 12h, whey underwent an important decrease in concentration of all amino acids except aspartic acid and valine. The last stage of fermentation was characterized by aspartic acid, serine, glycine, alanine and ornitine remaining virtually constant in both media. From all results, note that the fastest consumption in both media occured in the first 12h, after which the stationary phase was reached. However, during bulk production of polysaccharide between 12 and 24h, considerable amounts were still consumed in whey. Important differences were observed between media regarding the nitrogen fraction. However, our results did not show equivalent differences in polysaccharide production. Thus, there was a wide range of nitrogen concentrations for good polysaccharide production. The presence of free amino acids and small peptides seemed essencial, probably due to biomass growth requirements.
Carbon metabolism
Whey contains considerable amounts of organic acids, which may lead to alternative routes in metabolism of carbon compounds than those of the synthetic medium, and thus may affect polysaccharide production. As observed (Fig. 3a) citrate was completely consumed in the first 12h. These data showed that R. aquatilis could use citrate in the presence of sugar (lactose), as reported with microorganisms such as some lactic acid bacteria (Usseglio-Tomsset, 1985; Cogan, 1995) . Acetoine is produced only when large excess of pyruvate is formed as co-metabolite (Snoep et al., 1992) . This explains the initial increase in acetate concentration and formation of acetoine after 12h, together with depletion of most citrate concomitantly with lactose. Hence the high levels of citrate did not contribute directly to polysaccharide production because the excess of pyruvate did not enter the pathway leading to polysaccharide synthesis, but instead produced acetoine. Note that by 12h aeration was rather difficult due to the high viscosity of the medium and to the layer of insoluble exopolymer that surrounded the cell aggregates Rousseau, 1991, 1992) . Thus, pyruvate should follow the fermentative route to regenerate NADH. In the synthetic medium no citrate was ever observed because it was not initially present in the medium; hence, acetoin formation was also prevented. Formate is present in whey at considerable levels, and remains constant for the first 12h of incubation. After 12h, when oxygen becomes limiting, formate concentration increases possibly because R. aquatilis metabolizes pyruvate to formate. Production of formate, succinate and lactate were also reported for Enterobacter agglomerans (another member of Enterobacteriaceae) during polysaccharide production at oxygen concentrations below saturation (Morin et al., 1995) . In the synthetic medium (Fig. 3b) , formate also underwent a very notable increase.
The concentration of acetate exhibited an important initial increase in whey, but remained almost constant after 12h, during which considerable amounts of formate and lactate were produced. In the synthetic medium, acetate increased essentially after 12h probably because no citrate was initially present and oxygen limitations occured. Lactate increased especially after 12h, but then remained virtually constant until the end of fermentation. Although the initial concentration of lactic acid was about one order of magnitude lower than that expected in e.g. Cheddar cheesemaking, the result was not an analytical artifact but rather a consequence of the lack of extensive lactic fermentation in actual cheesemaking.
Succinate initially present in whey was consumed fast, probably through the Krebs cycle in view of the prevailing good aeration. After 12h, succinate concentration increased in the whey culture but to a much greater extent in the synthetic medium. The following yields for the synthetic medium and whey, respectively, were recorded by 48h: 0.08 and 0.07 (g/g lactose ) for acetate, 0.02 and 0.06 (g/g lactose ) for lactate, 0.08 and 0.08 (g/g lactose ) for formate, 0.04 and 0.01 (g/g lactose ) for succinate, and 0.00 and 0.11 (g/g lactose ) for acetoine. Formation of organic acids apparently is not involved directly in polysaccharide production, yet less lactose involved in organic acid generation would indirectly cause higher production of polysaccharide. This process is mainly controlled by the available oxygen in the medium (a function of medium viscosity).
Viscosity of media
The viscosities of both media by 24h were Ͼ20 Pa.s (Fig. 4) (shear rate was 0.5 s Ϫ1 ), which corresponded to a sharp increase compared with the starting aqueous medium. The viscosity of the synthetic medium by 6h was higher than that of whey, and was consistent with the dried weight of polysaccharide. In order to follow changes of viscosity with our instrumentation, the samples were diluted 1:2 and the curve (Fig. 4) showed that viscosity of the synthetic medium was always higher than that of whey. The rate of increase after 28h was greater in the synthetic medium. The increase in viscosity observed after 12h for both media was notably higher than the equivalent increase in dried weight of polysaccharide. This could also be noted by visual inspection of the precipitate (which turned from a particulate form by 12h to a more fibrous form). These results may be explained by the hypothesis that the polysaccharide underwent a polymerization preferentially after 12h, which affected the rheological characteristics of the medium without affecting the amount of polysacharide. However, note that rheological differences between media cannot be explained simply by differences in polysaccharide concentration. The matrices are very complex and, being different for the two media, probably influence network organization and distribution of polysaccharides, and consequently viscosity. Our results related to polysaccharide concentration and viscosity profile confirmed those reported with the synthetic medium (Flatt et al., 1992b) , so similarly high concentrations of polysaccharide with essentially identical characteristics suggest that lactan production directly from whey would be feasible.
CONCLUSIONS
DIFFERENCES BETWEEN WHEY AND SYNTHETIC MEDIUM IN NITROGEN and organic acid profiles did not apparently affect growth of Rahnella aquatilis. The high citrate in whey was probably responsible for the formation of acetate within the first 12h and acetoine thereafter. The production of polysaccharide throughout fermentation was slightly higher for the synthetic medium than for whey. This indicates that whole whey, after protease-mediated hydrolysis, constitutes a low cost alternative for production of an efficient thickener, lactan. Since R. aquatilis is potentially related to enteric bacteria, then lactan might show immuno-stimulatory properties, in addition to its functional properties.
